The effects of smoking and nicotine on ultralate laser evoked potentials (LEPs), the EEG responses to C-fiber stimulation by a laser beam, were investigated in humans. Ultralate LEPs were repeatedly measured in two sessions, one after smoking, and the other in abstinence from smoking. The dominant frequency of the background EEG alpha activity, heart rate and venous plasma nicotine concentration were also measured. The peak-to-peak amplitude of the two major components (N2 and P2) of ultralate LEPs was significantly correlated both with the plasma nicotine concentration and with the background alpha frequency. The results suggest an arousal effect of nicotine on C-fiber mediated pain. The effect of nicotine on C-fiber LEPs was in the opposite direction of that on A fiber LEPs. The difference between C and A fibers might indicate a difference in effects of nicotine on first and second pain responses.
INTRODUCTION
Numerous studies have explored effects of smoking and nicotine on event related potentials (ERPs) [1, 2] , including selected ERP components [3] and the P300 [4] . Most of these studies reported increased amplitudes and/or decreased latencies supporting the hypothesis that nicotine generally enhances brain processing. On the contrary, we recently found that A fiber pain-related laser evoked potentials (LEPs) were reduced by smoking (Miyazaki et al., submitted 2009). Since the degree of the amplitude reduction was in parallel with the plasma concentration of nicotine, the finding was in line with previous studies showing antinociceptive effects of nicotine in animals [5, 6] and humans [7, 8] .
Noxious stimuli applied to the skin, however, activate two discrete nociceptive pathways. The sharp or first pain is mediated by thinly-myelinated A fibers while the dull or second pain by unmyelinated C fibers. The sharp pain is considered to facilitate avoidance behaviors while the dull pain is thought to be related to more prolonged pain as in inflammation. Since the peripheral conduction velocity is markedly different between the two fibers (10 to 20 versus 0.5 to 2.0 m/s), evoked potentials due to A and C-fibers can be clearly differentiated [9] . Special stimulating paradigms enable one to activate C-fibers exclusively [10] . This is the first report on the effects of tobacco smoking and nicotine on pain-related brain activities after selective C fiber stimulation.
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MATERIALS AND METHODS

Subjects
Ten healthy male volunteers who had a smoking habit participated in the study. Since no clear cortical responses were evoked by laser stimulation in two subjects, probably due to a small signal-to-noise ratio when recording ultralate LEPs, data from eight subjects aged 24 to 43 (mean ± SD: 32.9 ± 6.6) years were used. The mean number of years that the subjects have smoked was 11.2 ± 8.3 years. The mean number of cigarettes they were smoking per day was 10.3 ± 5.1. The subjects had no history of psychiatric or neurological disorders, or substance abuse, which were confirmed by the authors; psychiatrists (T.M. and K.I) and a neurologist (R.K.). The study was approved in advance by the Ethics Committee of the National Institute for Physiological Sciences, Okazaki, Japan. Written consent was obtained from all the subjects.
Stimulation and Recordings
A Tm:YAG laser (BLM1000S, Carl Baasel Lasertechnik, Starnberg, Germany) was used for noxious stimulation. The laser pulses were 2000 nm in wavelength, 1 ms in duration, and 3 mm in diameter. A low intensity laser beam was applied to a tiny area of subjects' skin using a thin aluminum plate with numerous fine holes as a spatial filter, to selectively stimulate unmyelinated C fibers without activating A fibers as described previously [10, 11] . The beam was applied to the dorsum of the right hand between the first and second metacarpal bones. The stimulation intensity was adjusted to a level at which stimulation produced a clear pricking A mediated pain without the spatial filter (156.3 ± 9.5 mJ). The laser energy was kept constant throughout the experiment for each session of each subject. To avoid tissue damage, the irradiated points were moved slightly for each stimulus.
LEPs were recorded using a scalp electrode placed at Cz referred to the linked earlobes (A1+A2) according to the International 10/20 system. The EEG signals were recorded with a bandpass filter of 0.1 to 100 Hz at a sampling rate of 1000 Hz, and then digitally filtered with a 50 Hz low-pass filter. The window of analysis was from 100 ms before to 1200 ms after the stimulus onset, and the prestimulus period was used as the DC baseline. For the analysis of the dominant alpha frequency of background EEG activity, electrodes were placed on O1 and O2. The impedance of the electrodes was kept below 5 kohm. A pair of electrodes on the supra-and infra-orbit of the right eye was used to reject blink artifacts. An electrocardiogram was used to measure the heart rate, using a pair of disk electrodes placed on each forearm.
Procedures
The experiments were conducted in two sessions, Smoking and Control, on a separate day starting at either 9 am or 1 pm. The starting time was counterbalanced between subjects and between sessions. The procedures of the experiment were the same for the two sessions, except that subjects did not smoke a cigarette in the Control session. For each session, subjects were required to be abstinent from smoking for at least twelve hours before the experiment. To confirm this, CO concentration in end-tidal expired air was measured at first. Subjects were asked to exhale into an analyzer (Micro CO, Micro Medical Ltd., Rochester, UK). Subjects were seated in an armchair in a quiet electrically shielded room with temperature controlled at 24 to 26°C. An indwelling catheter for collecting venous blood samples was placed in the left cephalic vein. There were five runs of recordings at different times: before smoking (Pre), and 5, 20, 35 and 60 minutes after smoking. Just before each run, venous blood was collected for measurements of plasma nicotine concentration (PNC), and an electrocardiogram and EEGs were recorded for at least 20 s for heart rate and alpha frequency calculation, respectively.
The peak frequency of the background alpha activity was determined using fast Fourier transform (FFT). In each run, twelve stimuli were applied and LEPs were recorded. The inter-stimulus interval was varied at random between 14 and 19 sec. In the Smoking session, subjects smoked a cigarette with 1.0 mg of nicotine for five minutes just after Pre, and then the remaining four runs followed. The Control session was conducted 5 to 20 (mean 11.2) days after the Smoking session for each subject. The plasma nicotine concentrations were measured using gas chromatography-mass spectrometry. The method was similar to that used previously to analyze urinary cotinine concentrations [12] with the addition of a solid phase extraction step carried out on an MCX column (Water Corporation, Milford, MA). The MCX column was prepared and the sample eluted as described previously [13] . The blood samples were from the same subjects that participated in our previous study (Miyazaki et al., submitted 2009 ). Since the sensation that the subjects perceived after laser stimulation varied from a mild pressure to burning pain as we previously reported [11] , we did not measure subjective pain ratings in this study.
Data Analysis
For each run of LEP recordings, five artifact-free epochs with a clear response were averaged. The peak latency of N2 and P2, and the peak-to-peak amplitude of the N2/P2 complex were calculated using time frames with latency periods of 650 to 1000 ms and 700 to 1150 ms for N2 and P2, respectively. The effects of Smoking (the Smoking session versus the Control session) and Run were assessed by two-way analysis of variance (ANOVA). Changes in the N2/P2 amplitude and in the frequency of the background alpha-band EEG activity relative to those of Pre were calculated. The correlations between the N2/P2 amplitude and dominant alpha frequency, and between the N2/P2 amplitude and PNC were assessed by a coefficient, r. Data were expressed by the mean ± standard deviation.
RESULTS
The expiratory CO concentration was 0 to 6 (mean ± SD: 2.9 ± 1.0) and 0 to 9 (3.5 ± 0.9) ppm for the Smoking and Control sessions, respectively, indicating the instruction to be abstinent from smoking was followed by the subjects. The PNC, mean heart rate and dominant frequency of the alpha activity for each run are listed in Table 1 . The PNC, heart rate and alpha frequency for Pre were not different between the Control and Smoking sessions (p = 0.20, p = 0.69 and p = 0.20, respectively, paired-t test). In the Smoking session, the heart rate, alpha frequency and PNC increased 5 min after smoking and gradually decreased (Fig. 1) . Results of a two-way (Smoking and Run) ANOVA indicated that Smoking was a significant factor to determine PNC (F(1, 70) = 33.6, p < 0.0001), heart rate (F(1, 70) = 12.3, p = 0.0008) and background alpha frequency (F(1, 70) = 17.4, p < 0.0001). A significant interaction between Smoking and Run was also found for all of PNC (F(4, 70) = 4.6, p = 0.0022), heart rate (F(4, 70) = 2.52, p = 0.049) and alpha frequency (F(4, 70) = 2.7, p = 0.04). The mean PNC, heart rate and background alpha rhythm were largest for the 5 min run.
The N2 and P2 components of LEPs were observed at 775 ± 66 and 892 ± 70 ms after the onset of stimulation, respectively ( Fig. 2A) . The peak latencies of the N2 and P2 components and the N2/P2 peak-to-peak amplitude are listed in Table 1 . A two-way (Smoking and Run) ANOVA indicated that the N2 latency did not differ significantly between the two sessions (p = 0.11) or among five runs (p = 0.34). Smoking and Run were also not a significant factor to determine the P2 latency (p = 0.20 and 0.22, respectively). On the other hand, a two-way ANOVA showed that the N2/P2 amplitude was significantly different among five runs (F(4, 70) = 5.1, p = 0.0012), but not between the Control and Smoking sessions (p = 0.74). Grand-averages of ultralate LEPs across subjects for each run are shown in Fig. (2A) .
As shown in Fig. (2B) , the behavior of the N2/P2 amplitude over the Runs for the Smoking session was similar to that of the dominant alpha frequency. To support this, the N2/P2 amplitude had a significant positive correlation with the dominant frequency of the background alpha rhythm in the Smoking session (r = 0.44, p = 0.0047, Fig. 3B ). This positive correlation was also found in the Control session (r = 0.33, p = 0.037, Fig. 3A) . Both the dominant alpha frequency (r = 0.58, p < 0.0001) and N2/P2 amplitude (r = 0.32, p = 0.04, Fig. 3C ) were positively correlated with PNC in the Smoking session.
DISCUSSION
In the present study, a slight but significant facilitatory effect of smoking on C-fiber LEPs was found. The amplitude of LEPs was positively correlated with the plasma nicotine concentration (PNC). In the two-way ANOVA, a significant main effect of Run was found on the N2/P2 peak-to-peak amplitude, although the effect of Session was not significant. These results indicate that the C-fiber LEPs were enhanced by nicotine intake but not changed by smoking itself. We previously reported an inhibitory effect of smoking on late 750 (52) 760 (70) 767 (84) 752 (53) 751 (64) 786 (76) 813 (100) 789 (44) 775 (41) 806 (46) 875 (76) 876 (75) 883 (85) 881 (54) 886 (52) 890 (80) 947 (105) 881 (51) 877 (56) 924 (50) 21 Data are given as mean (SD). PNC, plasma nicotine concentration; HR, heart rate; AF, alpha frequency; N2l, N2 latency; P2l, P2 latency; NPa, N2/P2 peak-to-peak amplitude. Fig. (1) . Mean heart rate, dominant alpha frequency of the background EEG activity and plasma nicotine concentration for each run. The left and right columns correspond to the Control and Smoking sessions, respectively. Vertical bars show ± SD. HR, heart rate; AF, dominant frequency of the background EEG activity; PNC, plasma nicotine concentration. (A fiber) laser evoked potentials (Miyazaki et al., Submitted 2009). The P2 amplitude significantly decreased 5 minutes after smoking, and gradually increased. In addition, both the N2 and P2 amplitudes showed a significant negative correlation with PNC. In the present study, we examined whether tobacco smoking exerts a similar effect on ultralate (C-fiber) LEPs. Unexpectedly however, we found an effect of smoking on C-fiber LEPs in the opposite direction.
Most studies on effects of smoking and nicotine on EEG activities in humans support the hypothesis that smoking and nicotine have a facilitatory effect on the brain activity, by showing an increase in amplitude and/or a decrease in latency of evoked EEG components [1] [2] [3] [4] . Many studies demonstrate that smoking and nicotine increase the dominant frequency of the alpha activity [14, 15] . The positive effect of nicotine on the C-fiber LEP amplitude found in the present study is consistent with these studies. The N2/P2 amplitude was positively correlated with the dominant alpha frequency not only in the Smoking session but also in the Control session, where PNC remained at a very low level, suggesting that the change in the N2/P2 amplitude was affected by the change in vigilance. This idea is also supported by the finding by Qiu et al. [16] that the amplitude of ultralate LEPs was slightly increased during attention and significantly decreased during distraction, relative to control. In the present study, both changes of the N2/P2 amplitude and dominant alpha frequency followed the change in PNC after smoking. Taken together, the positive effect of nicotine on the C-fiber LEP amplitude in this study seems to reflect the general facilitatory effect of smoking and nicotine on brain activities.
The different effects of nicotine on the LEPs between the first pain ascending through the A fibers and second pain through C fibers suggest a difference in the processing of these two types of pain. Several studies recently reported on the differences in cerebral processing between the first and second pain using EEG, magnetoencephalography (MEG) and functional magnetic resonance imaging (fMRI). In summary, EEG and MEG results show a similar main activation in the secondary somatosensory cortex after A and C fiber stimulation except for the mean latency [10] .
Activation in the primary somatosensory cortex following A and C fiber activation is still a matter of controversy [17] [18] [19] . By contrast, a clear difference was found using fMRI [20] . Brodmann's area 32/8/6 including the cingulate cortex and presupplementary motor area in the hemisphere ipsilateral to the stimulated side, and the bilateral anterior insula were significantly more activated following C fiber stimulation than A fiber stimulation. Since these areas are thought to be involved in the emotional aspect of pain processing, second pain perception might be more related to the emotional aspect than first pain perception. Tamura et al. [21, 22] reported that repetitive transcranial magnetic stimulation over the primary motor cortex increased the LEP amplitude and subjective pain rating scores following A fiber stimulation but decreased them following C fiber stimulation. This difference could be attributed to a difference in the activity of the insular and cingulate cortices between the two conditions. Based on these studies in humans, it seems considerable that there was a difference in the effect of nicotine on first and second pain perception.
The present results may indicate the general arousal effect of nicotine in tobacco smoke, consistent with previous ERP studies. This effect might also have taken place in the first pain perception, but a larger antinociceptive effect on the first pain might have concealed it. Although the exact reason for this difference between A and C fibers is unknown, the pharmacological and physiological effects of nicotine on the first and second pain are clearly different.
CONCLUSION
This is the first study to investigate the effect of tobacco smoking on pain-related brain activity after selective laser beam C fiber stimulation. Smoking significantly increased the dominant alpha frequency. Both the N2/P2 amplitude of laser evoked potentials and dominant alpha frequency were positively correlated with the plasma nicotine concentration. Tobacco smoking/nicotine had the opposite effect on A fiber-mediated first pain and C fiber-mediated second pain. These differences may be important in understanding the actions of nicotine on the first and second pain responses. Fig. (3) . Correlation of the N2/P2 amplitude with the dominant frequency of the background alpha activity and with the plasma nicotine concentration. A significant positive correlation was found between the N2/P2 amplitude and alpha frequency in the Control (A) and Smoking (B) sessions, and between the N2/P2 amplitude and plasma nicotine concentration in the Smoking session (C). Change from the baseline (Pre) was used for the N2/P2 amplitude and alpha frequency. AF, frequency of the background EEG activity; PNC, plasma nicotine concentration.
